Laminin-5 (kalinin/nicein/BM600) is a component of the epidermal basement membrane zone. Fkvious en bloc preembedding immunogold eleaton microscopy (EM) has shown that the epitope of GB3, a monoclonal antibody against laminin-5, is present in the lamina luada (U). However, precise localization of the entire laminin-5 molecule was unclear because of uneven and limited penetration of gold-labeled antibody in pre-embedding immunolabeling.
Introduction
Laminin-5, a cross-shaped molecule localized to the epidermal basement membrane zone (BMZ), consists of three disulfide-linked subunits, an a 3 chain (165 m), a p3 chain (140 m), and a y2 chain (100 KD), which are encoded by genes LAMA3, LAMB3, and LAMC2, respectively (Yancey, 1995; Burgeson et al., 1994; Marinkovich, 1333; Rousselle et al., 1331; Verrando et al., 1987 Verrando et al., ,1988 . The protein specifically recognized by GB3 monoclonal antibody, which recognizes the epitope that exists within the y2 chain of laminin-5 (Matsui et al., 1995) , was purified from keratinocyte culture medium and designated niceinlBM600 (Verrando et al., 1987 (Verrando et al., ,1988 . Rotary shadow analysis, V8 protease digestion, i"unoblot, and immunoprecipitation analysis have all shown nicein/BM600 to be structurally and immunologically identical to ' Supported by a Grant-in-Aid for Scientific Research from the Ministry of Education, Science and Culture of Japan (no. B07457191).
Correspondence to: Takuji Masunaga, Dept. of Dermatology, Keio Univ. School of Medicine, 35 Shinanomachi, Shinjuku, Tokyo 160, Japan. was present only beneath keratinqes and not beneath melanocytes. Both ayoultramiaotomy and postembedding immunogold EM demonstrated that laminin-5 was localized to the lamina densa (LD) and the lower LL, with major labeling beneath the hemidcsmowme. Quantitative analysis showed that 6740/0 of gold particles were distributed to the LD and 88-90°/0 were distributed beneath the hemidesmosome. 0111 results indicate that laminin-5 is localized mainly to the LD and partially to the lower U, and is as- kalinin . GB3 antigen, nicein, BM600, and kalinin are considered to be the same protein, and are called laminin-5 in the new systematic nomenclature for the laminins (Burgeson et al., 1994) .
It is well known that reactivity with GB3 monoclonal antibody is specially absent in the lethal type of inherited epidermolysis bullosa (EB), H e r b junctional EB (Meneguzzi et al., 1992; Verrando et al., 1991) . Herlitz junctional EB is characterized clinically by widespread blistering, with erosion of skin and mucous membranes, and ultrastructurally by a reduced number of hemidesmosomes (HDs), rudimentary cytoplasmic attachment plaque and sub-basal dense plates, and cleavage of epidermis from dermis at the lamina lucida (U) level. Recently, mutation of gene LAMA3 (Kivirikko et al., 1995) , LAMB3 (Vailly et al., 1995b; Pulkkinen et al., 1994b) , or LAMC2 (Vailly et al., 1995a; Aberdam et al., 1994b; Baudoin et al., 1994; Pulkkinen et al., 1994a) was detected in patients with Herlitz junctional EB. These findings indicate that structural abnormality of laminin-5 results in an increased susceptibility to blister formation within the epidermal BMZ at the level of LL in Herlitz junctional EB, and that this molecule plays an important role in the adherence of epidermis to dermis in normal skin.
Previous immunoelectron microscopic (EM) studies have utilized only pre-embedding immunolabeling (McGrath et al., 1994; Verrando et al., 1993) , a technique that permits only limited penetration of antibody into the tissue (Shimizu and Nishikawa, 1993b) and does not permit gold particles to immunolabel the center of any densely organized matrix, such as the lamina densa (LD) itself. Furthermore, the binding site of the GB3 monoclonal antibody does not directly represent the location of the entire laminin-5 molecule, because the monoclonal antibody usually recognizes only a limited epitope on the entire molecule.
The present study sought to answer two questions: (a) where in epidermal BMZ is the entire laminin-5 molecule precisely localized ultrastructurally, and (b) is laminin-5 evenly localized along the epidermal BMZ or is it strongly associated with HD? To answer these questions, we used polyclonal antibodies against the different chains of the laminin-5 molecule with two different low temperature immune-EM techniques, i.e., cryoultramicrotomy and postembedding immuno-EM with cryofixation and cryosubstitution.
Materials and Methods
Antibodies. The antibodies used in this study were GB3 mouse monoclonal antibody (Verrando et al., 1987 (Verrando et al., ,1988 . affinity-purified SE513 rabbit polyclonal antibody against the a 3 chain ( 1 6 5 -~~ subunit) of laminin-5 (Aberdam et al., 1994a), affinity-purified SE153 rabbit polyclonal antibody against the the y2 chain (100-KD subunit) of laminin-5 (Vailly et al., 1994) . and TMH-1 rat monoclonal antibody specifically bound to a 6-locus protein in melanocytes (Tomita et al., 1991) . SE513 rabbit polyclonal antibody (identical to SE152 rabbit polyclonal antibody) (Aberdam et al., 1994a) was raised against the 77-KD fusion protein. corresponding to Domains I and I1 and a part of Domain I11 of the a 3 chain of laminin-5, encoded by cDNA MN97 (Aberdam et al., 1994a) . SE153 rabbit polyclonal antibody (identical to SE144 rabbit polyclonal antibody) (Vailly et al., 1994) was raised against the 75-KD fusion protein, corresponding to the central portion of both arms of the y2 chain of laminin-5, encoded by cDNA PCR1.3 (Vailly et al., 1994) (Figure 1 ). LH7.2 mouse monoclonal antibody against the NCl domain of Type VI1 collagen, rabbit polyclonal antibody against the synthetic carboxy terminal peptide of 230-KD bullous pemphigoid antigen (BPAGI) (Shimizu et al., 1992) , and rabbit polyclonal antibody against Type IV collagen (ISL Co.: Tokyo, Japan) were used as controls. Normal mouse, rabbit, or rat serum was used as a negative control.
Double Staining Immunofluorescence on Semithin Cryosections. Immunofluorescence on semithin cryosections was carried out as described previously , with slight modification. Briefly, small pieces of fresh normal human skin were immersed in 2.3 M sucrose-PBS at 4°C for 20 min and cryofixed by plunging them into liquid propane cooled to -190'C (KF80 Reichert-Jung, Vienna, Austria). Semithin cryosections (0.5 pm) were cut by an Ultracut S with an FCS cryoattachment (Reichert-Jung) and collected with a droplet of 2.3 M sucrose-PBS on a glass slide. Sections were incubated with a mixture of TMH-1 rat monoclonal antibody (diluted 1:4) and GB3 mouse monoclonal antibody (diluted 1:10), SE513 (diluted 1:100), or SE153 (diluted MO) rabbit polyclonal antibodies at room temperature (RT) for 1 hr, followed by incubation with a mixture of double staining-grade rhodamine-labeled anti-rat IgG (Chemicron; Temecula, CA) and fluorescein isothiocyanate-labeled anti-mouse or -rabbit IgG (Zymed Laboratory; San Francisco, CA) at RTfor 1 hr. Sections were mounted in glycerol-PBS containing p-phenylenediamine as an antifading agent (Krenik et al., 1989) . Pre-embedding Immunoperoxidase Electron Microscopy. Pre-embedding immunoperoxidase EM was carried out as described previously (Ishiko et al., 1993; Shimizu et al., 1988) . Briefly. 6-pm cryostat sections of fresh normal human skin cryoprotected with 10% glycerol-PBS at 4'C for 1 hr were incubated with GB3 mouse monoclonal antibody (neat) orwith SE513 rabbit polyclonal antibody (diluted 1:40) at RT for 1 hr, followed by incubation with peroxidase-conjugated secondary antibodies (DAKO; Copenhagen, Denmark) diluted 1:40 at RT for 1 hr. The sections were fixed with 2% glutaraldehyde, reacted with 3,3'-diaminobenzidine, postfixed with 1% osmium tetroxide. dehydrated through a graded ethanol series, and embedded in epoxy resin. The ultrathin sections were cut and observed using a transmission electron microscope UEM-1200EXII; JEOL, Tokyo, Japan).
En Bloc Pre-embedding Immunoclectron Microscopy. En bloc preembedding immuno-EM was carried out as described previously (McGrath et al., 1994) . Briefly, small pieces of fresh normal human skin were washed in PBS at 4' C for 1 hr. The specimens were then incubated overnight at 4-C with SE513 or SE153 rabbit polyclonal antibodies (diluted 1:lO). After being washed in PBS at 4'C for 6 hr, the specimens were incubated overnight at 4'C with 1-nm gold-labeled goat anti-rabbit IgG (H+L) (Amersham International: Poole, UK) diluted 1:3. The specimens were washed in PBS at 4'C for 6 hr, pre-fixed in 2 % glutaraldehyde, and washed first in cacodylate buffer, then in distilled water. One-nm gold particles were amplified with a silver enhancement kit (Amersham) at RT for 8 min. The specimens were postfixed in 1% osmium tetroxide, dehydrated through a graded ethanol series, and embedded in epoxy resin. The ultrathin sections were cut, counterstained with uranyl acetate and lead citrate, and observed with a transmission electron microscope.
Immunoelectron Microscopy on UItrathin CryseCtions. Immuno-EM on ultrathin cryosections was carried out as described previously (Shimizu et al., 1990) with slight modification, essentially according to the Tokuyasu method (Tokuyasu, 1980) . Briefly, small pieces of fresh normal human skin MASUNAGA, SHIMIZU, ISIUKO, ToMl?X, NERDAM, O " N E , "ISHIKAWA were fixed in 95% ethanol at 4'C for 30 min, followed by immersion in 2.3 M sucrose-PBS at 4'C for 20 min. The specimens were cryofixed as described above, and 0.1-Bm ultrathin cryosections were cut and collected on nickel grids covered with formvar support film. Sections were immunolabeled with GB3 mouse monoclonal antibody (neat), SE513 (diluted 1:400). or SE153 (diluted 1:40) rabbit polyclonal antibodies, followed by 5-nm goldlabeled goat anti-mouse or -rabbit IgG (H+L) secondary antibodies (Amersham). Sections were postfixed in 2% glutaraldehyde, counterstained with uranyl acetate, embedded in polyvinyl alcohol, and observed with a transmission electron microscope.
Postembedding Immunoelcctron Mi -py
Using Cryofintion and CryOWbstitunon Without Chemical Fmtive. Postembedding immuno-EM of cryofixcd and cryosubstituted skin was carried out as described previously (Shimizu et al., 1989 (Shimizu et al., ,1992 . Bridly, small pieces of fresh normal human skin wcre cryoprotected with 15% glycerol-PBS at 4'C for 30 min and cryofixed by plunging them into liquid propane cooled to -190"C, followed by cryosubstituuon (CS-auto. Rcichert-Jung) with methanol at -8o'C for 48 hr. They were then embedded in Lowicryl KllM (Chemische Werke h i : Waldkraiburg, Germany) at -6o'C. The specimens wcre polymerized by uv irradiation at -6O'C for 72 hr and at RT for another 72 hr.
Ultrathin sections were incubated owmight at 4'C with SE513 or SE153 rabbit polyclonal antibodies diluted 1:100. After being washed, each x ction was placed on a drop of 1-nm gold-labeled golt anti-rabbit IgG (Amersham) diluted 1:40 at RT for 2 hr, and was then washed with distilled water. One-nm gold particles were amplified with a silver enhancement kit (Amersham) at RT for 6 min. The sections wcre counterstained with saturated uranyl acetate and lead citrate for 6 and 2 min. respectively.
Quantitative Analysis of Laminin-5 Distribution. Quantitative analysis of the distribution of the gold particles was performed as described previously (Ishiko et al.. 1993) . Approximately 300 gold particles at the epidermal BMZ. sectioned in a plane perpendicular to the plasma membrane. were randomly selected and assigned as bcing beneath the HD or non-HD plasma membrane. The distance from the outer surface of the plasma membrane to the gold particles was measured on electron micrographs.
Because the HD plasma membrane is longer than the non-HD plasma membrane. quantitative distribution of gold particles beneath the HD or non-HD plasma membrane had to be calibrated by u x of the ratio of HD:non-HD plasma membrane length in normal human skin. The length of HD or non-HD plasma membrane was measured on clmron micrographs by image analysis that utilized a Macintosh computer with Adobe Photoshop and NIH Imagc software. The distribution ofgold particla beneath the HD and non-HD plasma membrane was then calibrated by use of the ratio of HD:non-HD plasma membrane length.
Results

Double Labeling Immunofluorescence of Semithin Cryosections
Double staining immunofluorescence of 0.5-pm semithin cryosections exposed to GB3 mouse monoclonal antibody and TMH-1 rat monoclonal antibody showed that immunolabeling with GB3 monoclonal antibody occurred along the BMZ but not beneath TMH-I-positive cells (Figure 2A ). GB3 showed undulating staining along the BMZ and TMH-1 showed granule-like staining in the cytoplasm. No other specific staining was observed. The staining patterns of SE513 and SE153 rabbit polyclonal antibodies were the same as that of GB3 antibody ( Figures 2B and 2C ).
Pre-embedding Immunoperoxidase Electron Microscopy
In pre-embedding immunoperoxidase EM with GB3 monoclonal antibody, the reaction product was observed on BMZ beneath keratinocytes, but not beneath melanocytes (Figure 3 ). The reaction product was localized to U o r LD (It was impossible to distinguish the localization because of diffusion of reaction product) but not to an intracellular site in keratinocytes or to the sub-LD zone. The staining pattern with SE513 antibody was indistinguishable from that with GB3 monoclonal antibody (data not shown). 
En Bloc Pre-embedding Immunoelectron Microscopy
Gold particles with SE513 and SE153 rabbit polyclonal antibodies were localized only to the interface of LL and LD, with a strong association with HD, but not to LD itself (data not shown). No other specific labeling was observed. These localizations were the same as that with GB3 monoclonal antibody reported previously (McGrath et al., 1994) .
Immunoelectron Microscopy on Ultrathin Cryosectio ns
The ultrastructures of HD. LL. LD, and anchoring fibrils in ultrathin cryosections of skin were satisfactorily preserved, although the area of good ultrastructural preservation was limited. Labeling with GB3 mouse monoclonal antibody was localized to the LD and lower LL. with a strong association with H D (Figures 4A-4C) . No other specific labeling was observed. Gold particles with SE513 and SE153 rabbit polyclonal antibodies were also localized to the LD and lower LL, with a strong association with HD ( Figures 4D-41 ).
Postembeddng Immunoelectron Microscopy
Ultrastructure, including plasma membrane, tonofilaments, HD, U, LD, and anchoring fibrils, was satisfactorily preserved in skin specimens cryofiied and cryosubstituted without chemical fixatives, as described previously (Shimizu et al., 1989 (Shimizu et al., .1994 Ishiko et al., 1993) . Labeling with SE513 and SE153 rabbit polyclonal antibodies was localized to the LD and lower LL, and no other specific labeling was observed ( Figure 5 ). Gold particles with SE513 rabbit polyclonal antibodies showed localization indistinguishable from that with SE153 rabbit polyclonal antibody. Major labeling with both polyclonal antibodies was observed beneath the HD. No labeling with GB3 mouse monoclonal antibody was observed on cryofixed and cryosubstituted normal human skin sections, probably owing to the loss of antigenicity of its epitope. Labeling with LH7.2 monoclonal and anti-Type IV collagen polyclonal antibodies was localized mainly to the LD, and labeling with anti-BPAG1 polyclonal antibody was localized to the cytoplasmic attachment plaque of HD (data not shown), as described previously (Shimizu et al., 1992) .
Quantitative Analysis of Distribution of Gold Particles
Distances from the plasma membrane to individual gold particles labeled with SE513 and SE153 rabbit polyclonal antibodiesareshown in Figure 6 . For assignment of gold particles, distances from the plasma membrane to the upper and lower surfaces of LD were measured beneath 25 HDs cut perpendicular to the plasma membrane on electron micrographs of the same hicryl-embedded specimens. The mean distance from the plasma membrane to the upper surface of the LD was 38 nm and that to the lower surface of the LD was 96 nm. Quantitative analysis showed that 69% and 67% of gold particles labeled with SE513 and SE153, respectively, were dis-tributed on the LD, which localized between 38 and 96 nm away from the plasma membrane of the basal cell. Quantitative analysis also showed that 90% of gold particles with SE513 and 88% with SEI53 were localized beneath the HD, and only 10% and 12% were distributed in the non-HD BMZ. Because the lengths of HD and non-HD plasma membrane are not equal, quantitative distribution needed to be calibrated by use of the HD:non-HD ratio. In Lowicryl resin, the HD:non-HD ratio was 2.1:l. so the HD plasma membrane portion of the basilar surface was 68%. This ratio was in good agreement with that measured in skin specimens embedded in epoxy resin, i.e., 64%. Therefore, the density of gold particles with SE513 and SE153 beneath the HD was 4.3 and 3.5 times as high, respectively, as that beneath the non-HD plasma membrane.
Discussion
We have shown that the laminin-5 molecule is localized mainly to the LD and partially to the lower U, in strong association with HD. Both dual staining immunofluorescence and immunoperoxidase EM showed that laminin-5 was absent beneath melanocytes, which posses no HD, suggesting that laminin-5 is associated with HD. Both cryoultramimtomy and postembedding immuno-EM demonstrated that laminin-5 was localized to the LD and lower LL, with major labeling beneath the HD. One of the advantages of postembedding immuno-EM with colloidal gold is the availability of quantitative analysis Ishiko et al., 1993; Shimizu and Nishikawa, 19931,b) . Previously, laminin-5 had been thought to be localized mainly to the LL (Yancq, 1995; McGrath et al., 1994; Marinkovich, 1993; Verrando et al., 1993; Roussclle et al. 191) . However, our quantitative analysis dunollntlted dearly that laminin-5 is localized mainly to the LD, rather than to the U.
Previous immuno-EM study was carried out by en bloc preembedding immuno-EM (McGrath et al. 1994; Verrando et al., 1993) . This technique has an unavoidable technical limitation, i.e.. limited penetration of antibody (Shimizu and Nishikawa, 1993b) . Our results of en bloc pre-embedding immunogold EM demonstrated that gold particles could bind only to the interfice between the LL and the LD, and not to the LD itself. Even 1-nm gold-iabekd , antibody can not penetrate into the LD itself, a highly electrondense structure, in en bloc pre-embedding immunogold EM. In the low-temperature "on section" immuno-EM techniques we employed, all antigens are exposed on the surface ofuluathin sections and antibodies can gain equal acccss to target antigens, regardless of their location (Shimizu and Nishikawa, 1993b) . As a result, we have succeeded in demonstrating the epitope of laminin-5 inside the LD. We have previously experienced a similar discrepancy with LH7.2 monoclonal antibody against the NC-1 domain ofTypc VI1 collagen. In en bloc pre-embedding immuno-EM, immunohbeling with LH7.2 antibody was observed mainly on the dermal surface of the LD (McGrath et al., 199; Shimizu et al., 1990) , whereas postembedding immuno-EM and ctyoultnmicrotomy demonstrated labeling in the LD itself (Shimizu et al., 1990 (Shimizu et al., ,1992 .
We demonstrated that the laminin-5 m o l d e is l d e d mainly to the LD, and not to the LL. These results might indicate that the cross-shaped molecule of laminin-5 with its length of 100 run (Vailly et al., 1994; Rousselle et al., 1991) does not exist vertical to the interface between LL and LD, and is not a major component of anchoring filaments.
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